Abstract: Class-D full bridge is the most common inverter topology at the primary side for wireless electric vehicles (EVs) charging systems. This study takes a novel topology of a phase-controlled inverter as the power amplifier and puts it in a context of the whole charging system. The proposed inverter topology regulates the charging power through adjusting the phase-shift angle among phases with a constant operating frequency, which alleviates the EMI filter design. For various wireless EVs chargers, the gaps between the primary side and the secondary side are changing, which results in various coupling factors k. The equivalent resistance of the EVs battery R battery is also changing during the charging process. Even resonant frequencies at two sides are variable because of the components tolerances and operating environments. This study presents design considerations of a wireless EVs charging system with the proposed technology under variable k, R battery , and resonant frequencies. Circuit parameters are designed and the system efficiency is derived. Industrial prototype of an EV charging system is manufactured with the proposed topology at 3.0 kW. Experiments show that these design considerations can reflect the system characteristics, and the proposed system is a good candidate to be used in wireless EV battery chargers.
Introduction
Currently, the most common charger for electric vehicles is a plug-in station. This means that consumers must insert a plug into a receptacle on the car to charge batteries. The charging power ranges from 1.5 kW (slow charging) to a few tens of kW's (fast charging). Another recommended method is to replace used-out batteries. The first method presents an inconvenience and danger of connecting cars with cables to power grid or an off-board charger, and the secondary method is costly and requires a special infrastructure. In contrast with the above, the wireless charging system has several advantages including convenience, weather proof, anti-vandalism, and low risk of hazards. Therefore, numerous research projects were carried out to implement efficient [1] [2] [3] [4] [5] [6] , flexible [7] [8] [9] [10] [11] [12] , high power rate [5, [12] [13] [14] and controllable [12, 15, 16] wireless charging systems.
The wireless charging system is based on magnetic resonant coupling. The system contains a primary coil mounted under the parking space ground and a secondary coil fixed on the vehicle chassis. These two coils exchange power through an alternating electromagnetic field. Adjustable output power at the primary side is an important issue for actual wireless EV charging systems. Currently, most researches take the class-D bridge topology as the power amplifier and the frequency control is employed to regulate the output power at the primary side [2] [3] [4] . In [16, 17] , an LCL-T-based, multiple modules parallel power supply is used to provide adjustable output power for the primary side coil, but the introducing of transformers decreases the available inductance coupled with the secondary side. Cai et al. [18] depict a harmonic-based phase-shifted control topology for the IPT power supply, which is dedicated to light output power conditions. A SiC-based matrix converter topology is introduced in [19] , but its efficiency is somewhat low (85%). In addition, the requirement of input DC voltage for inverters, and MOSFET switching conditions with considering the varying of parameters, including coupling factors, resonant frequencies at both sides, and loads, are not thoroughly investigated in above IPT power supplies.
Phase-controlled inverters have shown many advantages compared with class-D topologies [12, [20] [21] [22] [23] . For a certain required output current at the primary side, an N-phase phase-controlled inverter decreases the current through each switch to about 1/N of a single-phase bridge inverter. Hence, multi-phase phase-controlled inverters are especially suitable for high power applications. Bojarski et al. [12] present a 25 kW prototype with three-phase phase-controlled inverter. Moreover, the phase-controlled inverter can regulate the output power through adjusting the phase-shift angle among phases with a constant operating frequency, which decreases the difficulty of EMI filter design. As to wireless charging systems, properly designed multiple-phases phase-controlled inverters show higher efficiencies on some charging stages comparing with single-phase class-D topologies.
For a stable and efficient operation, a wireless charging system should be able to match different vehicles with various heights of chasses at different stages of the charging process. This translates into various coupling factors between the two coils and a variable equivalent resistance of batteries which affects the load condition of the inverter. Moreover, the circuit parameters are always different from the nominal ones because of components tolerances and operating environments.
Different from [12] which focuses on the high power level, this paper studies the possibility to put the topology in a context of the whole charging process as well as varying air gap. The paper is organised as follows: Section 2 describes basic circuits of the wireless charging system. Section 3 describes the design process to determine parameters of the system under various coupling factors, load conditions, and resonant frequencies. Section 4 focuses on the input DC voltage design and analyses the system efficiency based on designed parameters. Finally, experimental results are provided to validate the design method and conclusions are drawn.
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There are several types of circuit topologies proposed for primary and secondary sides of a wireless power transfer (WPT) system [1] [2] [3] [4] [5] . This paper takes the most common class-D series resonant circuit and employs a phase-controlled inverter with a 50% duty cycle at the primary side [12, [20] [21] [22] [23] . In contrast with the class-D full-bridge inverter [2, 4] , the phase-controlled inverter has a smaller current through each switch under a given output power. At the secondary side, a series resonant circuit with a class-D full-bridge rectifier is selected. The topology of the system is shown in Fig. 1 where the DC input voltage V I is provided by the rectifier of a power factor correction circuit, which will not be detailed here.
The primary side consists of a phase-controlled inverter (which includes three half-bridge inverters in parallel and three inter-cell transformers ICT 1 through ICT 3 ), a resonant capacitor C P , a resonant inductor L P (the primary coil) and an equivalent resistance R P that is the sum of equivalent series resistances (ESR's) of the coil and the capacitor. The inter-cell transformer (ICT) provides useful functions such as isolation, filtering, and inter-cell coupling [23] . Every inter-cell transformer consists of two windings, connected between half-bridge switching legs (namely, cells), as shown in Fig. 1 .
The secondary side comprises a resonant inductor L S (secondary coil), a resonant capacitor C S , a full-bridge rectifier, a filter capacitor C f , and battery packs represented by a source V battery .
The phase-controlled inverter can regulate the input voltage (namely V Z in Fig. 1 ) of the resonant circuit through adjusting angles among three half-bridge inverters. This means that it can adjust the charging power of batteries without changing the operating frequency.
Output voltage and phase currents of phase-controlled inverter
Considering inter-cell transformers ICT 1 through ICT 3 , the magnetising inductance at primary sides and secondary sides are L 1P through L 3P and L 1S through L 3S , respectively. It is assumed that all of the windings have the same magnetising inductance, leakage inductance and ESR. Then, the winding impedance of each inter-cell transformer is equivalent to the sum of the magnetising inductance L mag , one half of the leakage inductance L leak and the ESR r ICT . Since each phase current of the phase-controlled inverter flows through two windings, the circuit of Fig. 1a can be simplified as shown in Fig. 1b , where V 1 , V 2 , and V 3 are the fundamental components of the output voltages from three inverters, respectively. These voltages are referenced to the negative side of V I and expressed per (1) , where j is the phase-shift angle among half-bridge inverters [12, [20] [21] [22] [23] ]
The voltage and current at the output of the phase-controlled inverter are expressed by (2) and (3) [22, 23] , respectively,
where Z b is the impedance of each phase of the phase-controlled inverter, Z P is the load impedance of the phase-controlled inverter, and ω is the operating angular frequency. Equation (3) shows that the output current can be regulated through adjusting shift angles between phases. Section 4 shows that the power of the secondary side is also regulated by the angles. Equation (4) shows formulas for calculation of parameters used in (2) and (3)
The inductance of the inter-cell transformer is separated into the magnetising inductance L mag and the leakage inductance L leak . Z Sreflect is the equivalent impedance that the secondary side reflects to the primary side, Z S is the impedance of the secondary side and R S is its real part, R equi is the input resistance of the secondary side rectifier whose expression will be derived in Section 2.1, r ESR is the equivalent on-resistance of the secondary side and ω 0 is the resonant angular frequency of the circuit. In order to calculate the power loss of the phase controlled inverter, an expression for the current of each phase should be derived. Based on the current calculation method proposed in [23] , these currents can be expressed as
Rectifier input resistance at the secondary side
There is a full-bridge rectifier at the secondary side. Assuming that the current wave of the secondary is a sinusoid and the filter capacitance is big enough that the ripple of the current through the battery can be ignored, and the current through the battery I battery is equal to the average of the secondary side current, which can be expressed as
where I S is the amplitude of the secondary side current. Since the equivalent resistance R equi consumes the same power as the battery nominal load resistance R battery , the following is true:
Combination of (6) and (7) leads to the equivalent resistance R equi as
3 Design of the system parameters
Resonant frequency and operating frequency
According to the standard of SAE TIR J2954, the band of 85 kHz is selected for the light duty vehicle WPT, which provides an operation frequency range from 81.38 to 90 kHz. Hence 88 kHz is selected as the operating frequency f OP . The operating frequency should be above the resonant one to obtain zero voltage switching (ZVS) for MOSFETs. For a resonant circuit with an inductive load, a higher operating frequency results in a lower output current and power.
Hence, the operating frequency should not be much higher than the resonant one. Taking the above into consideration, a frequency of 82 kHz is employed as the resonant frequency f resP for circuit designs at the primary side. With respect to the secondary side, the resonant frequency f resS for parameters design is 91 kHz, which contributes an inductive impedance to the primary side and benefits the ZVS operation for MOSFETs. Actually, the ZVS state will be lost at low load resistances together with large coupling factors if the secondary side employees a lower resonant frequency, e.g. 88 kHz. The ZVS condition can be obtained when the current lags the voltage of inverters, i.e. inverters have inductive loads. At the end of this section, ZVS condition will be checked under given designed parameters.
Battery equivalent resistance
The battery behaves as a resistive load when it is being charged. The equivalent resistance of the battery packs R battery is defined as
R battery can be obtained through a cable charging experiment. The charging process is divided into three stages, namely the constant current, the constant power, and the constant voltage one. A simple bang-bang control is employed in this experiment to regulate the charging current, voltage, and power through adjustment of the phase-shift angle. The battery charging current and voltage are measured once every half an hour during the cable charging experiment, then R battery is calculated per (9) . The charging power is calculated according to the expression P battery = V battery I battery . These parameters in a typical charging process are listed in Table 1 .
Coil dimensions and coupling factors
Mutual inductance between two coils can be expressed by the product of the coil area and the field intensity. A larger cross-section area means lower field intensity for a given mutual inductance. In order to decrease the magnetic field intensity to meet safety standards of human body exposure in vehicles, a larger cross-sectional area with fewer turns is preferred to a smaller cross-sectional area with more turns. The largest radius is, however, limited by the dimension of the vehicles. Two coils of the same dimensions, namely 4-turn planar rectangular spiral ones with 90 cm × 70 cm outer dimensions, are employed for either side. The litz wire winding the coils is AWG38, 2000 wires with an outer diameter of 6 mm. The centre-to-centre space between two adjacent coil turns is 1 cm. According to a Maxwell software simulation, the inductances of both coils are about 33.7 μ□. The preferred inductance value can be obtained through adjusting the space between two adjacent turns. Considering the litz wire DC resistance of 0.36 Ω per 1000 ft (according to the specification of the manufacturer), the coil resistance under designed dimensions is about 0.02 Ω. When the contribution of the skin and proximity effects is counted at 88 kHz, an additional resistance which is approximately equal to the DC one, namely, 0.02 Ω is suitable for following designs, which leads to the total coil resistance of 0.04
It is assumed in this paper that the minimum distance between the primary and the secondary coils is 12 cm and the maximum one is 25 cm. As a result, the coupling factor k changes from 0.34 to 0.19 according to Maxwell software simulations.
ZVS condition of inverters
The equivalent impedance is calculated in (10) and the phase angles θ i that the current lags the voltage can be derived from the real and imaginary parts of the impedance
where V i and I i are calculated per (1) and (5), respectively. Equation (2) shows that when the phase-shift angle j varies from 0°to 120°, the output voltage (hence, the output power) changes from the maximum to zero. Fig. 2 shows the simulated phase angle θ i plots of three inverters versus the phase-shift angle among phases when k = 0.226, R battery = 7 Ω, f resP = 82 kHz, f resS = 91 kHz and f OP = 88 kHz. The minimum phase angle of three inverters [namely, min (θ i )] under above parameters is 18.7°. Fig. 3a depicts the surface of min(θ i ) under above frequencies, various k and R battery . In wireless EV charging systems, realistic parameters may be different from the designed ones. The resonant frequencies deviate from the designed ones because of both components tolerances and operation environments. Moreover, comparing with the ones listed in Table 1 , the equivalent battery resistance may be even lower at the beginning of the constant current stage and higher at the end of the constant voltage stage. In order to evaluate the effectiveness of the presented topology under a broader range of parameters, simulations are conducted under the following extended ranges of the resonant frequencies and resistance:
(a) the deviation range of resonant frequencies is ±2.5% for both sides, and (b) the first and the last groups of parameters in Table 1 are 
Design of input DC voltage and efficiency analysis
The input DC voltage from PFC should be designed carefully to supply enough charging power for the battery. However, much higher DC voltage will result in higher rating parameter requirements for PFC. In order to find out the proper DC voltage, power loss should be considered firstly.
Power loss of the primary side
The power loss of the primary side includes conduction losses and switching losses. The conduction losses for each switch, the resonant capacitor, the resonant inductor (the primary coil) and each inter-cell transformer are P SW (i), P CP , P LP and P ICT (i), respectively. Switching losses consist of turn-on and turn-off loss P SSW (i). The operating frequency is 110% of the resonant frequency, which ensures switches running at zero-voltage-switching. Hence, the turn-on loss is zero and only turn-off loss is calculated. All of these losses are listed, respectively, in (11) [20] as
where I m1(i) and I m2(i) are the currents through two windings of the inter-cell transformer i, t r and t f are the raise time and fall time of MOSFETs, respectively. Then the total conduction loss is
The total switching loss is calculated per (13) as
where the product I i sinθ i is the turn-off current of each phase, and θ i is the angle of the current lagging the voltage. Equation (10) gives the equivalent impedance of each inverter and θ i can be calculated accordingly. The overall loss of the primary side is given by 
Power loss of the secondary side
The conduction losses at the secondary side consists of ones in the resonant capacitor P CS , the resonant inductor (the secondary coil) P LS , the rectifier diodes P RF , and the filter capacitor P Cf . In addition, the forward-voltage loss of rectifier diodes P VF also contributes to the whole losses of the secondary side. Considering the rectifier bridge conduction loss calculation, the current goes through two series-connected diodes (D 1 together with D 4 , or D 2 together with D 3 ) during half of the cycle, which can be equivalent to the current going through D 1 together with D 4 for the whole cycle while no current goes through D 2 together with D 3 . Equations for these losses are given as follows [20] P CS = I 2 S r CS 2
where r Cf is the ESR of the filter capacitor whose value is about 0.02 Ω and I S is the amplitude of the secondary side resonant current given by
Equation (17) provides the whole power loss of the secondary side (see equation (17) at bottom of the next page) 
Input DC voltage requirement
The total active power of the secondary side is equal to the active power consumed at the reflecting resistance of the secondary side to the primary side, which is shown as
where I P is the amplitude of the primary side current. Defining
Equation (18) can be changed into
At the same time, the total active power of the secondary side can be expressed as a sum of the battery power and the total losses
Defining
Equation (21) can be simplified to 
Integrating (20) and (23) is transformed to
Denoting
Equation (24) can be reduced to
Here, we would like to obtain the minimum V I that meets the charging power requirements. According to (3), when j = 0, a given I P can be obtained with a minimum V I . Then, (26) can be simplified to (27) to find out the minimum V I , 
Since V I should be positive, the negative solution is discarded and expression (29) is selected to represent V I under broader resonant frequency and battery resistance, which are detailed discussed in Section 4.4 of the previous section. As a result, voltage of 400 V is taken as the input DC voltage for inverters.
Figs. 4b-d show that the highest minimum required input DC voltage happens at the highest coupling factor together with the lowest equivalent battery resistance. Hence, a higher input DC voltage will be needed if an even higher coupling factor and/or lower equivalent battery resistance is required.
Phase-shift angle of the phase-controlled inverter
Due to the input DC voltage is set to 400 V, expression (26) can be simplified as 400 2 a(1 + 2 cos w)
Then the phase-shift angle of the phase-controlled inverter is deduced as
Actually, there are two solutions of (30) and the negative solution is discarded.
Efficiency comparison
Under the nominal parameters (namely, f resP = 82 kHz, f resS = 91 kHz, f OP = 88 kHz, R battery is from 7 to 30.4 Ω, and V I = 400 V), the phase angles can be calculated per (31), and power losses can be calculated using (14) and (17) . As a result, the simulated efficiencies for respective k's are plotted in Fig. 5 with thick lines. Before comparing the efficiency between the proposed topology and class-D inverters, the required input DC voltage for class-D ones should be determined. It is assumed that the series resonant topology is employed and the frequency control is used to regulate the output power for class-D inverters. Under the broader ranges of the resonant frequencies for both sides and the extended battery resistance, simulations show that the full-bridge class-D inverter with 155 V input DC voltage cannot provide enough required charging power sometimes while 160 V can. Hence 160 V is taken as the input DC voltage to conduct efficiency simulations for the full-bridge inverter. 315 V is taken for the half-bridge one via the same method. Assuming that all losses discussed above except inter-cell transformer ones are counted, the simulated efficiencies for the full-bridge topology and the half-bridge one are presented by thin lines in Figs. 5a and b, respectively. It can be seen that the phase controlled topology has higher efficiencies than class-D topologies under all cases. Especially, the efficiency improvement beyond 2% can always be obtained at the constant current stage as well as the constant power stage.
Experimental results
Prototype and parameters
The primary coil is the same as the secondary one in terms of dimensions: a rectangle 90 cm × 70 cm. Each coil contains four turns of litz wire. The litz wire type is AWG38, 2000 wires with an outer diameter of 6 mm. Six IPW65R041CFD MOSFET are employed to manufacture three half-bridge inverters. The rectifier was built using four VS-UFB280FA40 diodes. The prototype of the PFC and the inverter are built as shown in Fig. 6 . Parameters of main components are listed in Table 2 . Inductances, capacitances and coil ESR's are measured at the frequency of 88 kHz with an IET/QuadTech 7600 Precision LCR meters, and other components ESR's are obtained from manufacturer specifications. In order to get the preferred inductance, the coil is regulated through adjusting the space between adjacent turns with fixed dimensions of outmost sides.
Experimental results
The battery used in this experiment is a deep-cycle lead-acid battery US 8VGC XC, which is manufactured by the U.S. Battery Manufacturing Co., Ltd. Eighteen batteries are connected in series to provide a rated voltage of 144 V. The distance between the two axially aligned coils is about 20 cm. The measured mutual inductance is 7.5 μH which results in a coupling factor of k = 0.226 considering that inductances of the primary and secondary coils are 33.7 and 32.7 μH, respectively. The input DC voltage for the inverter is 400.0 V. Fig. 7 shows three typical waveforms captured by an oscilloscope when the equivalent battery resistance varies during the charging process. Channels 1-3 measure output voltages of phases 1-3 and channel 4 is the total output current of the inverter. Figs. 7a-c obtained under the phase-shift angles of 37.3°, 33.7°and 54.9°, which corresponds to three typical charging stages (constant current, constant power and constant voltage), and battery equivalent resistances of 7, 9.16 and 30.4 Ω, respectively. It can be seen that all inverters maintain the ZVS condition under these scenarios, which matches with Fig. 3 .
The whole charging time compromises three stages, i.e. constant current stage (first 2 h), constant power stage (next 3.5 h) and constant voltage stage (last 2.5 h). A simple bang-bang control is employed to regulate the charging voltage, current, and power. At the constant current stage, the charging current is regulated to 20 A ± 0.2 A till the charging power arrives at 3000 W. The charging power of 3000 W ± 15 W is maintained at the constant power stage before the battery voltage arrives at 173.2 V. At the constant voltage stage, the battery voltage is maintained at 173.2 V ± 0.8 V till the end when the charging current decreases to 5.7 A. Fig. 8a expresses the current and voltage of the experimental charging process. Fig. 8b shows the experimental and simulated phase-shift angle for coupling factor k = 0.226, where the simulated one is plotted based on (31), resistances calculated based on measured voltages and currents of each half hour, and other parameters listed in Table 2 . These two plots show a difference below 2°with the same trend. Fig. 8c depicts the charging power and the total power output from the PFC. It shows that the charging power is slightly increasing from the beginning to the end of the constant power stage, being about 2.8 to 3.0 kW, and after that time the charging power is decreasing. The charging efficiency over 90% can be obtained at the stages of constant current and constant power. Fig. 8d shows the experimental and simulated charging efficiencies versus charging time. These two plots show a 1% difference at most and practically share the same trend.
Conclusions
This paper focuses on the design and analysis of a wireless EVs charging system with a phase-controlled inverter. The charging power for an EV battery is regulated through adjusting the phase-shift angle among phases of the inverter. Detailed design procedure for major parameters, including the resonant and operating frequencies, and the coil dimensions are provided. The input DC voltage is determined considering the required charging power and power losses on both sides under various coil distances and equivalent battery resistances. The proposed system meets the required charging power and operates at ZVS conditions under varying parameters, including a broad range of charging distance of 12-25 cm, a variable equivalent battery resistance from 0.5 to 50 Ω for the typical three-stage charging process, and the resonant frequencies varying by ± 2.5% of the nominal ones at both sides.
An experimental 3.0 kW prototype was set up to validate the proposed system. Experiments show that the provided design considerations can reflect the system characteristics and can be used to design and analyse wireless EV charging systems.
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